Phytochemicals not only determine the taste and smell of plants and their products, they also play a crucial role in resistance against pests and pathogens. In previous work, we identified a form of resistance to thrips (Frankliniella occidentalis) expressed in leaves of pepper (Capsicum annuum). In the current study, we characterized leaves of an interspecific C. annuum × C. chinense F 2 population for variation in their global phytochemical composition by an untargeted metabolomics approach. Quantitative trait locus (QTL) mapping resulted in metabolite QTLs (mQTLs) for 304 of the 674 metabolites detected. We compared the QTL mapping results to those obtained earlier on fruits in the same population. Very different QTL hotspots were found, suggesting that the metabolite composition of leaves and fruits is regulated independently. Six leaf mQTLs co-located with the major QTL for resistance to thrips, which we previously identified in the same F 2 population. Four of them were significantly correlated to thrips resistance, including two diterpene glycosides and a flavonoid compound which may indicate a possible role of these metabolites in thrips resistance. If a causal role of some of these metabolites in resistance can be proven this will help in the identification of the causal gene(s) and it may provide leads for the identification of other sources of thrips resistance in Capsicum and in other species.
Introduction
Peppers (Capsicum spp.) are among the most cultivated vegetables in the world today (FAOSTAT 2016) . They can be used as food product, fresh or as cooked vegetable, as herb or spice, or in processed form. Peppers are also used in pharmacology (Bosland et al. 2012) , as ornamental plant (Stummel and Bosland 2007) , and even in protective (pepper) sprays (Miller 2001) .
The quality of pepper fruits is determined by characteristics such as color, shape, size, uniformity, shelf life, taste, and biochemical composition. Fruits of pepper contain high levels of nutritional compounds, including carotenoids (provitamin A), ascorbic acid (vitamin C), tocopherols (vitamin E), phenolic compounds, flavonoids, and capsaicinoids 1 3 (Howard and Wildman 2007; Topuz and Ozdemir 2007; Wahyuni et al. 2013a, b) . In contrast to pepper fruits, no comprehensive metabolite profiling has yet been published for pepper leaves.
Pepper cultivation is hampered by several insect pests and thrips are among the most damaging; they cause damage directly by feeding on leaves, fruits, or flowers and indirectly by transmission of viruses, especially Tomato Spotted Wilt Virus (TSVW) (Ullman et al. 2002) . Resistance to thrips (Frankliniella occidentalis) has been identified in Capsicum (Fery and Schalk 1991; Maris et al. 2003; Maharijaya et al. 2011) . In general, it may be based on antixenosis (non-preference) or antibiosis (factors that increase mortality or reduce the growth, development, and reproduction of insects). Resistance components may interfere with any stage in the life cycle of the insect. For pepper, it was shown that resistance factors affected (blocked) the transition of first instar larvae (L1) into the second instar (L2), as determined in detached leaf assays (Maharijaya et al. 2012) . In an earlier study (Maharijaya et al. 2011) , it was already shown that resistance as determined by tests with young, detached leaves correlated well with resistance as determined in greenhouse tests. Although adult thrips are often found in flowers, as they feed on the pollen produced (Trichilo and Leigh 1988) , they deposit their eggs mainly in the young leaves (Kiers et al. 2000; Van Haperen et al. submitted) . So, resistance in leaves may affect thrips population development as the young larvae first feed on the leaves. Maharijaya et al. (2015) identified a major quantitative trait locus (QTL) for thrips resistance in an F 2 population derived from an interspecific Capsicum annuum × C. chinense cross. This QTL was mapped on chromosome 6 and was shown to affect larval development of the insect, especially the transition from larval stage L1 to stage L2 and the pre-pupa stage on leaves (Maharijaya et al. 2012 (Maharijaya et al. , 2015 .
In several host species, resistance to thrips was found to be correlated with the presence of secondary metabolites (Blauth et al. 1998; Abe et al. 2008; Leiss et al. 2009a, b; Maharijaya et al. 2012; Vosman et al. 2018 ). Often it is not known why this correlation is there. Some suggestions have been made. In tomato for instance, the resistance was suggested to be based on the stickiness of the leaves of resistant plants, which may be due to the presence of large amounts of acyl sugars (Vosman et al. 2018) . Co-location of QTLs for metabolites (mQTLs) with QTLs for thrips resistance can provide additional evidence that a compound may be involved in the resistance mechanism.
Gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass spectrometry (LC-MS) are currently the standard methods for metabolite profiling (Dunn et al. 2013; Vinaixa et al. 2016) . The exploitation of GC-MS and LC-MS data in an untargeted metabolomics approach allows the detection of hundreds of metabolites simultaneously, without prior knowledge on their identity, which may then be linked to genetic or phenotypic variation in order to select and subsequently identify compounds of most interest (Tikunov et al. 2005; Dunn et al. 2013; Alonso et al. 2015 ). An untargeted metabolomics approach is therefore very suitable for the detection and identification of those metabolites correlating to a specific trait. Since the resistance we mapped earlier was of the antibiosis type (Maharijaya et al. 2012) , we used untargeted profiling of non-volatile phytochemicals, rather than volatile compounds, because non-volatiles are likely to be involved in the antibiosis type of thrips resistance in pepper (Wink 1988; Smith 2005) .
The same pepper F 2 population in which we previously mapped thrips resistance QTL (Maharijaya et al. 2015) has been used for untargeted LC-MS-based profiling and QTL mapping of fruit metabolites (Wahyuni et al. 2014) . In these pepper fruits, a total of 542 metabolites, including series of flavonoids, phenylpropanoids, capsinoids, fatty acid derivatives, and amino acid derivatives, were detected and the QTL mapping resulted in the identification of 279 metabolite QTLs (mQTLs), dispersed over all 12 chromosomes with two hotspots on chromosome 9 (Wahyuni et al. 2014) . The aims of our current study were (1) to determine metabolite profiles in leaves of pepper, detectable by LC-MS, and to map these in the F 2 population; (2) to compare the distribution of mQTLs found in leaves with those in fruits as detected by (Wahyuni et al. 2014); and (3) to study the colocation of leaf mQTLs with the main thrips (Frankliniella occidentalis) resistance QTL on chromosome 6 (Maharijaya et al. 2015) in order to identify metabolites that are potentially involved in thrips resistance in pepper.
Materials and methods

Plant material
An F 2 population consisting of 196 plants was developed from a cross between C. annuum AC 1979 as female parent and C. chinense 4661 as male parent (Maharijaya et al. 2015) . The two parents differ in laboratory and greenhouse tests for their resistance level against two thrips species, Frankliniella occidentalis and Thrips parvispinus (Maharijaya et al. 2011) . The maternal parent, C. annuum AC 1979 was very resistant to thrips and suppressed the development of L1 larvae while the paternal parent, C. chinense 4661 was very susceptible to thrips and supported the development of larvae (Maharijaya et al. 2012) . Both accessions were obtained from the Center of Genetic Resources, the Netherlands. The F 2 population was grown together with two first-generation inbred lines obtained by self-pollination of the two parental plants and with cuttings of the F 1 plant in a glasshouse at Wageningen University and Research Center, the Netherlands in a completely randomized experiment. Mapping of thrips resistance in the F 2 population is described by Maharijaya et al. (2015) , which contains all details on the thrips rearing and assays used; damage caused by thrips larvae and the survival of first and second instar larval stages were used as parameters of resistance in a no-choice assay. The plants were maintained in standard glasshouse cultivation for pepper at 25 °C, with a daily photoperiod of 16-h light: 8-h dark (LD 16:8) . Pest insects were controlled biologically using the predator Amblyseius sp. (Koppert®), to prevent that other herbivores would affect the resistance level against thrips or the metabolite profile.
Extraction and LC-MS analysis of pepper leaf metabolites
Young, fully opened, undamaged leaves of 13-week-old plants were harvested for metabolite analysis during the resistance evaluation (Maharijaya et al. 2015) ; this leaf stage corresponded to that used for the resistance evaluation. The plants (and these leaves) had not been in contact with thrips and metabolites detected are therefore to be considered as constitutively produced. The leaves were ground in liquid nitrogen into a fine powder. Five hundred milligram of the powder was weighed in a reaction tube and 1.5 ml 99.9% methanol acidified with 0.125% formic acid was added. Extracts were sonicated for 15 min and centrifuged for 5 min at 1515 g. Next, the supernatant was filtered through 0.2 µm polytetrafluoroethylene filter. All the extracts were analyzed on a reversed phase liquid chromatograph coupled to a photodiode array detector and a high-resolution mass spectrometer (LC-PDA-QTOF-MS) system (waters), using negative electrospray ionization, as described by De Vos et al. (2007) .
LC-MS data analysis and putative metabolite annotation
An untargeted approach was applied to process the raw LC-MS data. Raw data were first processed by the MetAlign software package (Lommen 2009 ) for baseline correction, mass peak picking, and ion-wise alignment. The MetAlign output (peak heights) was processed with MSClust to cluster all individual ions originating from the same metabolite into the so-called centrotypes (Tikunov et al. 2012) . Since each centrotype putatively represents an individual metabolite, in the following sections, these centrotypes are referred to as metabolites. Metabolites were putatively identified by comparing the retention times and molecular mass of detected compounds with that of two metabolite online databases, i.e., the Dictionary of Natural Products (ChemnetBase 2013) and KNApSAck (Nakamura et al. 2008) , and with results on pepper fruit metabolite analyses as published by Marin et al. (2004) and Wahyuni et al. (2011 Wahyuni et al. ( , 2014 .
QTL mapping of leaf and fruit metabolites
QTL mapping was performed in the F 2 population described by Maharijaya et al. (2015) , for which a linkage map composed of SSR, SNP, and AFLP markers was available. This linkage map consisted of 22 linkage groups, 16 of which were assigned to physical chromosomes. The total length of the linkage map was 1630 cM. We mapped mQTLs for the leaf metabolites and re-mapped the fruit metabolites of Wahyuni et al. (2014) on the same version of the linkage map. Data from both sets were log 10 -transformed before mapping. Potential QTLs for metabolites were identified by interval mapping using the MapQTL 6.0 package (Van Ooijen 2009). Based on permutation tests (1000 iterations) with 10 randomly selected leaf and 10 randomly selected fruit metabolites, common genome-wide LOD thresholds for QTL detection of 3.4 for the leaf metabolites and 3.5 for the fruit metabolites were determined. Metabolite QTLs were considered as co-localized with resistance QTL when there was overlap between the 2-LOD intervals regions of the metabolite and the resistance QTL (Maharijaya et al. 2015) .
Correlation analysis of metabolites with thrips resistance parameters
Pearson correlation coefficients of intensity data for all leaf metabolites (log 10 transformed data) versus F. occidentalis larval survival. The larval survival data were obtained as described in Maharijaya et al. (2015) . In short, per F 2 plant five detached leaves were each infested with five L1 larvae; the fraction of survival after 8 days was calculated and transformed as asin(sqrt(x)).
Results
QTL mapping of metabolites in leaf and fruit
The untargeted processing of the LC-MS data of leaves from the F 2 population resulted in the detection of 674 centrotypes, hereafter referred to as (putative) metabolites. For 304 leaf metabolites (45% of total), at least one QTL was detected by interval mapping (Supplementary Table 1 ). For 228 metabolites, a single QTL was found, while for 76 others multiple QTLs were found with a maximum number of 3.
The leaf metabolite QTLs (mQTLs) were spread unevenly over the chromosomes. There were "hotspots" on two linkage groups (P01 and P03), where multiple mQTLs (> 15) co-localized. In contrast, there were also linkage groups with only a few mQTLs (Fig. 1) . Wahyuni et al. (2014) obtained data on metabolites in pepper fruits, in the same F 2 population as used in the current study. In order to compare the location of QTLs for fruit 1 3 metabolites with those of leaf metabolites, we re-mapped the fruit metabolites on the map of Maharijaya et al. (2015) , which is an extended version of the map used by Wahyuni et al. (2014) . This re-mapping resulted in QTLs for 257 fruit metabolites. The positions of the mQTL hotspots clearly differed between leaves and fruits ( Fig. 1) as for fruit mQTLs hotspots were found on Chromosome 9 only.
Metabolites significantly correlating with larval survival of thrips
We used the thrips resistance data of Maharijaya et al. (2015) to calculate the correlations with metabolites. Twenty-three metabolites were significantly correlated (P < 0.01) with larval survival (Table 1) , of which 16 were negatively correlated and seven positively. The negatively correlating metabolites were tentatively identified as diterpene glycosides and flavonoids, including a.o. capsianoside IX, luteolin-methyl-O-di-hexose, and Icariside E3, while positively correlating metabolites included a.o. the flavonoid phloretin-C-diglycoside (Table 1) .
Co-localization of mQTLs with the QTLs for thrips resistance in pepper
In this F 2 population, we previously mapped QTLs for three thrips resistance parameters: survival of the L1 larvae to the L2 stage, to the pre-pupa stage, and leaf damage, all co-localizing on chromosome 6 (linkage group P06) near marker HpmsE078 at position 108 cM Maharijaya et al. (2015) . On the same linkage group, we currently detected QTLs for 32 leaf metabolites (Supplementary Table 1 ). For six of these, the 2-LOD intervals overlapped with those of the resistance QTLs (Fig. 2) . Four of these metabolites (LC1980, LC2809, LC5046, and LC5703, see Table 1 ) were significantly correlated with thrips resistance. Additionally, two metabolites (LC2097 and LC2672) had mQTLs overlapping with the resistance QTL (Fig. 2 ), but were not significantly correlated with larval survival.
Discussion
QTLs for metabolites in leaves and fruits
We detected 674 semi-polar metabolites in leaves of pepper plants using an untargeted LC-MS-based metabolomics approach. For 45% of them, we could detect mQTLs, which is comparable to other studies [e.g., 43% in pepper fruit (Wahyuni et al. 2014 ) and 72% in potato tubers (CarrenoQuintero et al. 2012) ].
The mQTLs were unevenly spread over the genome, resulting in 'hotspots' and 'coldspots.' The existence of hotand coldspots of QTLs for metabolite abundance is a common phenomenon in plants, as shown for example in Arabidopsis thaliana (Keurentjes et al. 2006; Knoch et al. 2017) , rice (Matsuda et al. 2012) , apple (Khan et al. 2012a) , maize (Han et al. 2014) , potato (Carreno-Quintero et al. 2012) , and also fruits of pepper (Wahyuni et al. 2014) . The existence of hotspots is one of the central concepts in genetical genomics, where a single polymorphism leads to widespread changes in the expression of downstream genes, of which the expression therefore maps to the same genomic locus (Breitling et al. 2008) . A hotspot for mQTLs suggests the presence of a regulator gene controlling the synthesis or breakdown of a large group of metabolites present at that map position (Saito and Matsuda 2010; Knoch et al. 2017) , the clustering of metabolites that are part of the same biosynthetic pathway (Wentzell et al. 2007 ), a single structural gene encoding a non-specific enzyme that can modify a large series of compounds in a similar manner, e.g., Acyl/Glycosyltransferase (Schwab 2003; Chen et al. 2014) , or a single key enzyme in a pathway, e.g., PAL or CHS in case of phenylpropanoids or flavonoids (Khan et al. 2012b ). Interestingly, the mQTL hotspot pattern clearly differs between fruits and leaves of pepper with only one major hotspot on chromosome P09 being shared between leaves and fruits. This difference reflects a tissue-specific regulation of the metabolite composition of leaves and fruits of pepper plants. Schauer et al. (2005) also reported a different composition of metabolites in fruit and leaves, in tomato. The mQTL on chromosome P09 that was found in both fruits and leaves affected capsianoside levels in both organs and may encode a regulatory gene which controls the entire capsianoside pathway or a modifying enzyme leading to the production of structurally different capsianosides (Wahyuni et al. 2014) .
Metabolite QTLs linked to thrips resistance
In this study, we detected 23 metabolites that were significantly correlated to thrips L1 larval survival (Table 1) , which is the life-history parameter that produced the most clear separation among resistant, intermediate, and susceptible accessions (Maharijaya et al. 2012) . Although highly significant, the correlations were weak, with R values ranging from of − 0.29 to + 0.25. This may suggest that several metabolites in concert are responsible for the resistance trait observed, rather than a single compound (Van den Oever- Van den Elsen et al. 2016 ). Co-localization of QTLs for both thrips resistance and metabolites, as well as the correlation between resistance and specific metabolites may indicate a causal relationship between the two. Of the 23 metabolites that correlated with resistance, 18 could be mapped (Table 1) . Four out of the 18 metabolites correlated with thrips resistance co-localized with the major resistance QTL on chromosome 6 (Fig. 2) . The abundance of two of these metabolites was negatively correlated with resistance and they were putatively identified as diterpene glycosides (capsianosides), including Capsianoside IX, based on their MSMS data. Interestingly, also the compound that has the strongest negative correlation with thrips development, but could not be mapped, was a diterpene glycoside. So far, there are no other reports that Metabolites are characterized by their retention time and mass. When a metabolite could be putatively annotated it is indicated. Linkage group and position of the top marker refer to the linkage group on which a QTL is found and the genetic position of the top marker (in cM) on the linkage group, respectively. Also indicated are the logarithm of the odds (LOD) score of the top marker, and the percentage of phenotypic variance explained by each QTL (variance explained). QTLs were deemed significant when the LOD score exceeded 3.4 (threshold corresponding to a genome-wide confidence level of 0.95, estimated from permutation tests for 10 randomly selected metabolites with 1000 iterations). Supplementary table 1 contains further details on flanking markers. Correlation with L2 indicates the Pearson correlation coefficient of metabolites with the L2 larvae survival data of Maharijaya et al. (2015) link diterpene glycosides abundance with thrips resistance, though an effect of capsianosides on other insects has been shown previously (Heiling et al. 2010 ). Further research is needed to confirm the relationship between thrips resistance and diterpene glycoside metabolism. Also, several flavonoids negatively correlate with thrips development (Leiss et al. 2009a ). Dihydroxy-megastigmenone hexoside and phloretin-C-diglycoside were positively correlated with resistance, while dihydroxy-megastigmenone hexoside also co-localized with thrips larval development. Both compounds have not been reported in pepper leaves before. Finally, two metabolites (LC2097 and LC2672) co-localized with the resistance QTL while they were not significantly correlated (P > 0.01) to thrips resistance, which may be due to the relatively low percentage of variation explained by these mQTLs, as well as to the fact that one of the metabolites had an additional mQTLs elsewhere in the genome.
To confirm causal relationships of metabolites with thrips resistance, it is key to test the candidate compounds in bioassays, and/or to test the effect of candidate genes underlying the mQTLs by silencing or over-expression studies. In summary, we found only a limited overlap between mQTL hotspots detected in leaves and fruits of pepper. The co-localization of six leaf mQTLs and the previously identified thrips resistance QTL in pepper leaves may indicate a causal relationship. However, the correlation of larval survival with each single metabolite is weak. Further work is still required to confirm the role of correlating and/or colocalizing metabolites, among which diterpene glycosides and flavonoids, in thrips resistance of pepper, or that other yet unknown mechanisms play a larger role. If a causal relationship between (one of) the metabolites and thrips resistance can be shown, the metabolite may be used as a marker for resistance in breeding programs. Also, the compound(s) Fig. 2 LOD profiles and 1-and 2-LOD QTL intervals for three thrips resistance parameters (black; solid line: damage, dashed: larval survival to L2 stage, dot-dashed: survival to pupa stage; Maharijaya et al. 2015) and of six metabolites whose 2-LOD mQTL interval overlapped with the resistance QTL. Asterisk indicates that the metabolite content also significantly (P < 0.01) correlated with survival to L2 stage. The dotted line at LOD 3.4 indicates the common LOD threshold for the metabolites. These metabolites were tentatively identified: LC1980 as Dihydroxy-megastigmenone hexoside, LC2097 as (+)-lyoniresinol-3-alpha-O-beta-d-glucopyranoside, LC2672 and LC2809 as Icariside E3 or an isomer, LC5046 as a diterpene glycoside, LC5703 as Capsianoside IX may be used as leads for identifying the causal gene(s) and for finding resistance in other Capsicum, and perhaps related, species.
